Of the seven highly homologous members of the human 14-3-3 gene family, the 14-3-3s isoform has directly been linked to human cancer. 14-3-3s is the only family member transactivated by the p53 tumour suppressor in response to DNA damage and as such essential for controlling cell-cycle progression in G 2 /M (Hermeking et al., 1997) . Moreover, epigenetic silencing of 14-3-3s has been found at high frequency in epithelial cancers, indicating that loss of 14-3-3s expression is crucial to tumour development (Hermeking, 2003) . Evidence for a direct role of the other six 14-3-3 isoforms in tumorigenesis is largely circumstantial; intuitively these isoforms are likely to function as potential oncogenes, but activities have also been described that suggest a tumour-suppressing function (Tzivion et al., 2006) .
To investigate whether 14-3-3 family members other than sigma have isoform-specific functions relevant for tumorigenesis, we created human HaCaT cell lines stably expressing small interfering RNA targeted specifically to the 14-3-3z isoform. Two independent clones, HZ3 and HZ4, showed very low 14-3-3z protein levels as compared to two control cell lines HP2 and HP3 (Figure 1a) . No difference was observed with an antibody detecting all human 14-3-3 isoforms, indicating that downregulation of 14-3-3z does not significantly influence total cellular 14-3-3 protein levels. Also, the expression of the 14-3-3s isoform was similar in all cell lines (Figure 1a ). 14-3-3 expression levels were further investigated by quantitative reverse transcription-PCR ( Figure 1b) . As expected, the HZ3 and HZ4 cell lines showed significantly lower 14-3-3z levels than HP2 and HP3 cell lines, whereas RNA levels of 14-3-3y, 14-3-3e and 14-3-3b were similar in all four cell lines and 14-3-3g and 14-3-3Z RNA levels were hardly detectable (Figure 1b ). These results demonstrate that the 14-3-3z isoform was selectively downregulated in the HZ3 and HZ4 cell lines.
While the spontaneous apoptosis rate was similar in all cell lines, UV-C radiation (10 J/m 2 ) dramatically increased the apoptosis rate in 14-3-3z downregulated cells (eightfold difference with control cells, Figure 2a ). The increased sensitivity for apoptosis of 14-3-3z downregulated cells was paralleled by a significantly higher UV-induced activation of p38 (fourfold difference with HP cells) and JNK (twofold difference) (Figure 2b ). Both p38 and JNK are well-known transducers of apoptotic signals (Dent et al., 2003) and were shown to activate the proapoptotic protein Bax by inducing its translocation to mitochondria (Kim et al., 2006) . This apoptotic pathway might actually be potentiated by release of phosphorylated BAD from 14-3-3z sequestration, resulting in mitochondrial re-localization and a concomitant neutralization of the anti-apoptotic function of Bcl-X L (Hekman et al., 2006) . No constitutive p38 or JNK phosphorylation was observed in any of the four cell lines. It is also interesting to mention that the mitogenic extracellular signal-regulated kinase pathway (assessed following serum stimulation) was not affected by 14-3-3z downregulation (Supplementary Figure S1) . Summarizing, our data demonstrate that in normal cells 14-3-3z inhibits specifically stress-induced p38 and JNK signalling and the triggering of the apoptotic response. Effective apoptosis is essential to prevent tumorigenesis in humans and evasion of apoptosis is considered one of the typical hallmarks of cancer cells (Hanahan and Weinberg, 2000) .
During culturing of the cell lines, we noticed differences in plating between 14-3-3z downregulated and control cells. Control cells attached to the culture dish as single cells or clusters of only a few cells, while the 14-3-3z downregulated cells appeared to have stronger cell-cell contacts as they clustered in larger groups (Figure 3a , 2 h). In a colony formation assay, 14-3-3z downregulated cells showed significantly larger colonies than control cells, although all four cell lines had equal growth rates (Supplementary Figure S1) , an observation which corroborates with our finding that mitogenic extracellular signal-regulated kinase signalling is not affected by 14-3-3z downregulation. Apparently, due to enhanced cell-cell contacts, resulting in early clustering, 14-3-3z downregulated colonies are initiated by multiple cells in contrast to the control colonies ( Figure 3b ). Additionally, 14-3-3z downregulated cells attached to the culture dish much faster as judged from the flat appearance that was visible already 4 h after seeding, a time point where control cells had still a globular shape (Figure 3a , middle panel). The graphical Figure 1 Specific cellular downregulation of 14-3-3z. In all experiments human HaCaT cells were used. These stable cell lines are nontumorigenic, form a normal differentiated epithelium when transplanted onto nude mice (Boukamp et al., 1988) and have been successfully used for studying early stages of carcinogenesis (Burnworth et al., 2006) . Cell lines expressing siRNA specific to 14-3-3z were created by using the target sequence 5 0 -ACAGCAGATGGCTCGAGAA cloned in pSuper as described (Brummelkamp et al., 2002) . Individual puromycin-resistant transfectants were isolated after co-transfection with pPur18, a derivative of pRSV-H20 carrying the puromycin-N-acetyl-transferase gene. (a) 14-3-3z downregulated cells HZ3 and HZ4, and control cells HP2 and HP3 were grown to 80% confluence in DMEM, 10% fetal bovine serum, 1 mg/ml puromycin at 371C and 5% CO 2 and were lysed directly on the dishes. Protein extracts and western blotting were as described (Niemantsverdriet et al., 2005) . Blots were reacted with 14-3-3z-(C-16), 14-3-3b-(K-19) (detects total 14-3-3), 14-3-3s-(N-14) specific antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and detected with either donkey anti-Mouse-or anti-goat-IgG-HRP and the ECL system (Amersham, GE Healthcare, Munich, Germany). (b) HP2, HP3, HZ3 and HZ4 cells were grown to 80% confluence, RNA was isolated and reverse-transcribed as described (Niemantsverdriet et al., 2005) . Expression levels of 14-3-3z, 14-3-3y, 14-3-3e, 14-3-3b, 14-3-3g and 14-3-3Z relative to GAPDH (internal control) were determined by real-time RT-PCR analysis; ***P-values o0.001 in a two-tailed t-test; error bars represent standard error. (See Supplementary Methods for more details.) DMEM, Dulbecco's modified Eagle's medium; GAPDH, glyceraldehyde 3-phosphate; HRP, horseradish peroxidase; RT, reverse transcription; siRNA, small interfering RNA. . Cell extracts were prepared 1 h after UV irradiation, and detection was as described in Figure 1 . Ponceau S staining of the blot confirms equal loading.
Oncogenic properties of 14-3-3f M Niemantsverdriet et al Figure 3 Downregulation of 14-3-3z results in enhanced cell adhesion. (a) Control cells HP2/HP3 and 14-3-3z downregulated HZ3/ HZ4 cells were grown to 80% confluence, trypsinized, pipetted vigorously up and down (at least 10 Â ) to prevent clustering in suspension, seeded (10 6 cells per dish) for the indicated time and photographed under phase-contrast illumination. (b) HP2, HP3, HZ3 and HZ4 cells were treated as above, seeded onto 6 cm dishes at 1000 cells per 5 ml medium containing 1 mg/ml puromycin and incubated for 2 weeks under standard cell culture conditions. Cell colonies were visualized with Coomassie Brilliant Blue (CBB) staining. (c) Variation of the total number of HP2, HP3, HZ3 and HZ4 colonies relative to the time allowed for plating. Cells were isolated, processed as above, seeded for the indicated time period, supplied with fresh medium and incubated for 10 days before colonies could be detected by CBB staining and counted. Bars represent standard error. (d) Semiquantitative RT-PCR analysis of Tcadherin, E-cadherin, g-catenin, ICAM-1 and GAPDH (control) expression at the indicated number of PCR cycles. Note the difference in band intensity between 14-3-3z downregulated (HZ3/HZ4) and control cells (HP2/HP3) after 25 PCR cycles for Tcadherin and E-cadherin and at 30 cycles for g-catenin (see Supplementary Information for more details). (e) Western blot showing upregulation of E-cadherin protein in 14-3-3z downregulated cells (HZ3/HZ4). Total 14-3-3 and 14-3-3z are included as internal controls (see also Figure 1 ). 14-3-3 antibodies were as documented in the legend of Figure 1 . For E-cadherin detection a monoclonal antibody from BD Transduction Laboratories (cat. no. 610181) was used. (f) Quantification of E-cadherin expression levels in (e), indicating a significant increase in E-cadherin proteins in 14-3-3z downregulated cells (HZ) vs control cells (HP). GAPDH, glyceraldehyde 3-phosphate; ICAM-1, intracellular cell adhesion molecule 1; RT, reverse transcription. analysis in Figure 3c shows that the resulting difference in total number of colonies between HZ and HP cells are statistically significant and due to early time points of plating. To investigate whether these differences depend on active processes involving cell adhesion proteins (Balda and Matter, 2003) , we compared the expression levels of intracellular cell adhesion molecule 1, Tcadherin, E-cadherin and g-catenin between control and 14-3-3z downregulated cells by reverse transcription-PCR analysis. While RNA levels of intracellular cell adhesion molecule 1 were similar in all cell lines, RNA levels of adhesion proteins T-cadherin, E-cadherin and g-catenin were significantly higher in 14-3-3z downregulated cells (Figure 3d ). Increased transcription of E-cadherin in these cells was also reflected by significantly (approximately 25%) higher protein levels (Figures 3e and f) . Tissue invasion and metastasis, similar to evasion of apoptosis, represents one of the six hallmarks of cancer and is directly linked to loss of adhesion proteins (Hanahan and Weinberg, 2000) . Loss of E-cadherin correlates with the invasiveness of human epithelial cancers. It has been documented for tumours from various organs and is considered a significant prognostic marker (Beavon, 2000) . Downregulation of T-cadherin is believed to contribute to tumour invasiveness in basal-cell carcinomas (Takeuchi et al., 2002) . Similarly, cancer patients with loss of g-catenin expression are considered a high-risk group for tumour metastasis and poor prognosis (Clairotte et al., 2006; Ueda et al., 2006) .
Taken together, the results described above indicate that the 14-3-3z isoform restrains two cellular processes, stress-induced apoptosis and cell adhesion, which are also suppressed during carcinogenesis. Hence, we inferred that high expression of 14-3-3z might contribute to tumorigenesis. To find support for this hypothesis, we performed a web-based meta-analysis using the ONCO-MINE platform, that allows a direct comparison of gene expression profiles in tumours vs the corresponding normal tissues (Rhodes et al., 2004; Rhodes and Chinnaiyan, 2005) . In this analysis, 14-3-3z was clearly upregulated in human hepatocellular carcinoma, seminoma, pancreatic adenocarcinoma and several types of lung carcinoma (Figure 4) . Similarly, studies on human stomach cancer (Jang et al., 2004) , oral squamous-cell carcinoma (Arora et al., 2005) and breast cancer (Zang et al., 2004) , have identified 14-3-3z among the most significantly increased proteins/genes in the tumours as compared to the corresponding normal tissues. Furthermore, 14-3-3z maps to human chromosome 8q23, a region frequently amplified in metastatic cancer (Tada et al., 2000; Ghadimi et al., 2003) .
As 14-3-3 proteins are highly homologous, have similar protein structures, bind to several binding partners with similar affinities, the most common view so far has been that the various isoforms influence particular cellular processes in an analogous way (van Hemert et al., 2001) . However, the work presented here and recent work by others indicate that individual 14-3-3 proteins possess isoform-specific functions and might selectively affect distinct aspects of the carcinogenic process. Whereas 14-3-3s is a downstream target of p53 (Hermeking, 2003 ) and 14-3-3g is an upstream regulator of p53 (Jin et al., 2006) , both isoforms promote DNA damage-induced cell-cycle arrest. On the contrary, overexpression of the 14-3-3Z isoform counteracts the same process (Wanzel et al., 2005) . The 14-3-3t isoform stimulates apoptosis by stabilizing E2F1 (Wang et al., 2004) , whereas the data presented here reveal an inhibitory activity of 14-3-3z on UV-induced apoptosis.
The cellular phenotypic changes that we have registered are the result of downregulation of one specific isoform, without significantly changing the total cellular 14-3-3 content. Hence, we infer that the intracellular balance between 14-3-3 isoforms is crucial for the proper functioning of cells. As mentioned before, the 14-3-3s is silenced in many types of cancer and is considered a tumour suppressor (Hermeking, 2003) . Downregulation of 14-3-3Z was found in glioblastoma and this isoform might also act as tumour suppressor (Buckley et al., 2002) . In sharp contrast, the data presented here reveal that 14-3-3z is upregulated in cancer and likely behaves as an oncogene. Studies in rodents strongly indicate that also 14-3-3b has oncogenic properties (Takihara et al., 2000; Sugiyama et al., 2003) . To understand fully how deregulation of the cellular 14-3-3 balance can contribute to tumour development, it will be imperative to delineate the precise contribution of each 14-3-3 isoform in this process. From the results presented here, we anticipate that deregulation of the 14-3-3 balance by overexpression of 14-3-3z contributes to tumorigenesis by inhibition of apoptosis and cell adhesion. Overexpression of 14-3-3z in tumours (t ¼ light bars) as compared to the corresponding normal tissue (n ¼ dark bars). Data analysis was performed with the ONCOMINE 3.0 database (Rhodes et al., 2004; Rhodes and Chinnaiyan, 2005) using standard settings (www.oncomine.org). The following analyses were performed: (1) non-tumour liver vs hepatocellular carcinoma; (2) nonneoplastic lung vs lung adenocarcinoma; (3) normal testis vs seminoma; (4) normal lung vs lung adenocarcinoma; (5) normal pancreas vs pancreatic adenocarcinoma; (6) normal lung vs carcinoid and (7) normal lung vs squamous-cell lung carcinoma.
Oncogenic properties of 14-3-3f M Niemantsverdriet et al 14-3-3 proteins are potential targets for cancer therapeutics (Porter et al., 2006) and it has been proposed that targeting the 14-3-3 family as a whole might reduce the development of resistant tumour cells (Hermeking, 2003) . However, if deregulation of the intracellular balance between the various isoforms, rather than changes of the total cellular 14-3-3 content, is important for tumorigenesis, targeting specific isoforms might be more valuable in anticancer therapy. In line with the view presented in this study, preliminary data mentioned by Tzivion et al. (2006) indicate that a slight increase of 14-3-3z is sufficient to induce tumorigenesis in mice. Hence, when targeting 14-3-3 for therapeutic purposes, the 14-3-3z isoform might be the target of choice in the future.
